INTRODUCTION
============

Poultry production is an important and diverse component of agriculture all over the world. Today, more attention has been given to indigenous animals in general, and poultry in particular; due to their quality of meat and sustainable production ([@b14-ajas-28-12-1686]). Meat from Thai native chickens is preferred by more Thai consumers than commercial broilers (Theerachai et al., 2003), due to their superior taste, meat texture, low fat and cholesterol, and high protein content (Promwatee and Duangjinda, 2010). However, the native chickens are inferior in production due to their low growth rates, as compared with commercial breed production. [@b20-ajas-28-12-1686] demonstrated that body weights of Thai synthetic chickens (50% native genetics) at 14 weeks of age, were between 1,532 to 1,561 g; which is significantly higher than the average body weight (1,280 g) of the typical 16 week Thai native chicken ([@b12-ajas-28-12-1686]). Additionally, the market price of Thai native chickens is nearly two to three times higher than the commercial broiler ([@b25-ajas-28-12-1686]). Nowadays, hybrid chickens (with less than 50% native genetics) are more desirable for open-housing commercial production, due to the lower cost of production (faster growth) and greater tolerance to heat stress. Cross breeding of parent stock (PS) broiler sires with Thai synthetic breeds, in order to achieve a terminal hybrid of 75% broiler and 25% Thai native chicken (referred to as the Thai broiler), is of interest to the modern trait market. The products have a lower price, better taste, and better meat texture; compared to commercial broilers. In this regard, genetic improvements of parental lines for Thai broilers must be studied to meet the demands of consumers.

Growth performance and carcass traits are very significant economic traits in broiler production, and are controlled by sets of complex genes. Growth is a complicated procedure, regulated by a wide variety of neuroendocrine pathways ([@b27-ajas-28-12-1686]). For this reason, it is very difficult to make rapid progress using conventional methods of genetic selection within breeds ([@b27-ajas-28-12-1686]). Recent advances in molecular technology have provided new opportunities to evaluate genetic variability at the DNA level ([@b14-ajas-28-12-1686]). Therefore, the candidate gene approach has become a powerful technique for genetic improvement in the chicken breeding program. Applying a candidate gene may result in higher efficiency in detecting the desired traits necessary to improve production performance. The chicken growth hormone (*cGH*) and insulin-like growth factor-I (*IGF-I*) genes are among the most promising candidate genes for growth performance and carcass quality traits in chickens.

The *cGH* is a 22-kDa protein, containing 191 amino acid residues ([@b11-ajas-28-12-1686]). In poultry, *cGH* consists of 4,101 base pairs, having five exons and four introns ([@b13-ajas-28-12-1686]). Known as a polypeptide, hormone produced, and secreted by pituitary gland; *cGH* affects a variety of physiological functions in growth performance ([@b6-ajas-28-12-1686]; [@b2-ajas-28-12-1686]). In the works of various authors, it was found that *cGH* gene is one of the most important genes affecting chicken performance traits, and plays a critical role in both growth and metabolism rates ([@b9-ajas-28-12-1686]; [@b24-ajas-28-12-1686]).

*IGF-I* is known as one of the more predominant hormones necessary to support normal growth in chickens ([@b22-ajas-28-12-1686]; [@b5-ajas-28-12-1686]). Furthermore, *IGF-I* is also involved in growth hormone secretion and regulation ([@b19-ajas-28-12-1686]; [@b23-ajas-28-12-1686]; [@b21-ajas-28-12-1686]). In previous studies, the chicken *IGF-I* has been revealed to involve as many as 70 amino acids ([@b3-ajas-28-12-1686]). *IGF-I* is a complex system of peptide hormones that bind to the insulin-like growth factor I receptor (IGFIR), in order to activate their intrinsic tyrosine kinase domain activities ([@b7-ajas-28-12-1686]). Additionally, the effect of *IGF-I* was observed on the protein synthesis of chicken embryo myoblast, cultured in a serum free medium (Kita and Okumura, 2000). [@b28-ajas-28-12-1686] and [@b1-ajas-28-12-1686] reported that polymorphism of the *IGF-I* gene in the promoter and 5′-untranslated region (5′-UTR) was directly associated with chicken growth rate. There were dramatically higher *IGF-I* concentrations in the high growth rate line chickens, than those in the low growth rate line chickens ([@b4-ajas-28-12-1686]).

To develop a suitable terminal breeding program it is necessary to study the relationship of *cGH* and *IGF-I* genes for use as candidate genes in Thai broilers. The purpose of the present study was to examine the association of *cGH* and *IGF-I* genes within the growth performance, and carcass traits in Thai broilers.

MATERIALS AND METHODS
=====================

Chicken populations
-------------------

Four Thai broiler hybrids were established by crossing sires from a broiler breeder line (PS) with dams from four Thai synthetic chicken lines; namely, the Kaen Thong (KT), Khai Mook Esarn (KM), Soi Nin (SN), and Soi Pet (SP; [@b20-ajas-28-12-1686]). A total of 408 individuals from the four Thai broiler lines were studied: PS×KT (n = 101), PS×KM (n = 104), PS×SN (n = 104), and PS×SP (n = 99). Phenotypic characteristics of all chicken lines are shown in [Figure 1](#f1-ajas-28-12-1686){ref-type="fig"}. All of four different colors of Thai synthetic dam lines are shown while only the white color of Thai broiler lines are shown due to the dominance of white color from PS broiler sire. The sample of Thai broiler chickens were supplied by the Research and Development Network Center for Animal Breeding, Khon Kaen University, Khon Kaen, Thailand. All chickens were fed *ad libitum* within the commercial broiler diet.

Measurement of growth and carcass traits
----------------------------------------

Body weight (BW) of 408 chickens was recorded individually at hatching; and at 2, 4, 6, 8, and 10 weeks of age (BW 0, BW 2, BW 4, BW 6, BW 8, and BW10). The average daily gain (ADG) was calculated at two week intervals: 0 to 2 weeks of age (ADG 0--2), 2 to 4 weeks of age (ADG 2--4), 4 to6 weeks of age (ADG 4--6), 6 to 8 weeks of age (ADG 6--8), 8 to 10 weeks of age (ADG 8--10); as well as 0 to 6 weeks of age (ADG 0--6), 0 to 8 weeks of age (ADG 0--8), and 0 to 10 weeks of age (ADG 0--10). Description of data is described in [Table 1](#t1-ajas-28-12-1686){ref-type="table"} and [2](#t2-ajas-28-12-1686){ref-type="table"}. The formula of ADG was calculated using the equation below:
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A total of 32 chickens were slaughtered at 10 weeks of age (8 chickens per line with 4 chickens per sex). All chickens were chosen as a representative sample based on average body weight and sex for each line. Carcass traits included live weight, dressing percentage, and the percentages of the measured breasts, drumsticks, wings, and thighs.

Genotyping with polymerase chain reaction-restriction fragment length polymorphism
----------------------------------------------------------------------------------

Genomic DNA was extracted from the blood of 408 chickens. One mL of each individual blood sample was stored in a micro tube containing 100 μL of 0.5M ethylenediaminetetraacetic acid, as an anti-coagulant. Genomic DNA was isolated by using Guanidine Hydrochloride/Silica gel protocol ([@b10-ajas-28-12-1686]).

The polymerase chain reaction (PCR) was performed in a 10 μL mixture containing 1 μL genomic DNA (50 ng), 1 μL 10× PCR buffer, 1 μL 2.5 μM of primers for each candidate gene, 1 μL 1 mM of dNTP (Thermo scientific, Waltham, MA, USA), 0.8 μL 25 mM MgCl~2~, and 0.1 μL 5U Taq DNA polymerase (RBC Bioscience, New Taipei, Taiwan). The primer characteristics of *IGF-I* ([@b28-ajas-28-12-1686]) and *cGH* ([@b18-ajas-28-12-1686]) are shown in [Table 3](#t3-ajas-28-12-1686){ref-type="table"}. PCR amplification was conducted under the following conditions: 95ºC for five minutes, followed by 30 to 35 cycles at 95ºC for 45 s, 58ºC to 68ºC for 30 to 45 s, and 72ºC for 30 to 45 s; followed by a final extension at 72ºC for five minutes.

Polymorphisms were detected by using the polymerase chain reaction-restriction fragment length polymorphism technique. The PCR products were digested in a total volume of 20μL of solution; containing 3μL of PCR product, 1 to 2 U of restriction enzymes, buffer, and H~2~O. The sample was then incubated at 37ºC overnight. Restriction patterns were visualized by 2% agarose gel electrophoresis, and stained in GelStar (GelStarInc, New York, NY, USA). Agarose gels were visualized and photographed under Gel Documentation System standards (SYNGENE, Madison, WI, USA).

Statistical analysis
--------------------

Genotypic and allelic frequencies were calculated at each locus, as described by previous authors ([@b8-ajas-28-12-1686]). Genotypes having a frequency lower than 2% were discarded from the analysis. The association of candidate genes and traits were analyzed with pooled data of four hybrids and adjusted line effect as fixed effect using the model below:
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Where y~ijk~ is trait observation (BW and ADG), μ is overall population mean, G~i~ is the fixed effect of the genotype, S~j~ is the fixed effect of the sex, H~k~ is the fixed effect of the hatching, *C~l~* is different hybrid cross effect, C~l~×G~i~ is interaction effect between studied breed and gene, and e~ijk~ is the residual random error.

The association of candidate genes and traits were also analyzed separately for each hybrid cross using the following model:
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Where y~ijk,~ μ, G~i~, S~j~, H~k~, and e~ijk~ were described above. For carcass traits, according to the small number of samples, the association between candidate genes and traits were analyzed with pooled data from all hybrid cross, using the model as follow:
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Where y~ijkl~ is a trait observation (carcass percentage), μ, *G~i~*, *S~j~*, *H~k~*, *C~l~* were described in previous model.

RESULTS AND DISCUSSION
======================

Genotype and allele frequencies of *cGH* and *IGF-I* genes
----------------------------------------------------------

Genotype and allele frequencies of *cGH* and *IGF-I* genes were calculated after genotyping the populations of four Thai broiler lines, as listed in [Table 4](#t4-ajas-28-12-1686){ref-type="table"}. For the *cGH* gene, allele G is predominantly higher than allele A, in all four chicken populations. However, the AA genotype was counted with a frequency of 0.05 in the observations of PS×KM, and PS×SN populations. The AA genotype showed the lowest frequency (0.01) in the PS×SP population compared with the three other lines. For the *IGF-I* gene, the CC genotype was observed in all populations with lower frequencies (0.13 to 0.15) compared to that of the other genotypes.

Association of *cGH* and *IGF-I* gene polymorphisms with growth traits
----------------------------------------------------------------------

The analysis of association between the *cGH* and *IGF-I* gene polymorphisms and growth performance traits across all of four Thai chicken lines is shown in [Table 5](#t5-ajas-28-12-1686){ref-type="table"}. A significant interaction between breed and gene was not found in almost all observed traits (p\<0.05); except body weight at 4 and ADG at 2 to 4 weeks of age (p\<0.05). The association of *cGH* gene was found in body weight trait at 4 and 6 weeks of age; and ADG at 2 to 4 and 0 to 6 weeks of age. Chicken with AG and GG genotypes showed higher BW and ADG (p\<0.05) compared to that of the AA genotype. The analysis of the potential association between the *cGH* gene polymorphism and growth performance traits is summarized in [Table 6](#t6-ajas-28-12-1686){ref-type="table"}. In the PS×KM hybrid, chickens with AG and GG genotypes demonstrated higher BW and ADG (p\<0.01) compared to that of the AA genotype. Significant associations of *cGH* were found with only BW at hatching, and ADG 8--10 in PS×KT population (p\<0.05). The *cGH* genotype effects (p\>0.05) were not found in other hybrids (PS×SP and PS×SN).

[@b18-ajas-28-12-1686] reported that the single nucleotide polymorphism (SNP) within the same region (G1705A) maintained a significant association with almost all growth traits, in an F~2~ reciprocal cross between the WRR and X Chinese chicken breeds. The allele A in the study by [@b18-ajas-28-12-1686] showed a positive effect on growth traits. However, our study concluded that allele G exhibited a generally positive effect on chicken growth and was completely dominant in all breeds (AG and GG having similar effects). These results confirm those found in the previous study of Thai native chickens (Chee), which revealed that all growth traits, including body weight and ADG, from 0 to 16 weeks of age; were significantly higher in the GG genotypes (Promwatee and Duangjinda, 2010).

The results of this study indicate that the *cGH* gene is associated with body weight and ADG in almost all recorded periods, within the PS×KM population. In this regard, the G1705A in intron 3 of *cGH* could have a direct effect on chicken growth performance by mediating *cGH* expression. Previous studies on other polymorphism in introns of the *cGH* gene also pointed out the association between chicken growth and carcass traits ([@b26-ajas-28-12-1686]; [@b16-ajas-28-12-1686]; [@b17-ajas-28-12-1686]). Hence, the *cGH* gene could be a potential marker for use in a marker-assisted selection programs. Further study of the associations between *cGH* and growth traits will be required to obtain more accurate results.

For *IGF-I* gene when the data was analyzed across all chicken populations ([Table 5](#t5-ajas-28-12-1686){ref-type="table"}), the interaction between breed and gene was significant only at ADG during 0 to 2 weeks of age (p\<0.05). There were significant associations of *IGF-I* gene with BW at 2 weeks of age; and with ADG at 0 to 2 and 4 to 6 weeks of age. Chickens with AA genotype showed higher body weight and ADG; except ADG during 4 to 6 weeks, while the AC genotype showed a higher result. The effects of polymorphism of the *IGF-I* gene on growth traits in Thai broilers is presented in [Table 7](#t7-ajas-28-12-1686){ref-type="table"}. It was found that the *IGF-I* gene polymorphisms showed significant associations with only early periods of chicken growth in each of the four hybrid chickens (p\<0.05). The *IGF-I* gene was chosen as a candidate gene to examine the associations of gene polymorphism in growth traits, within commercial broilers ([@b28-ajas-28-12-1686]; [@b14-ajas-28-12-1686]), synthetic breeds ([@b20-ajas-28-12-1686]), and Thai native chickens (Chee) (Promwatee and Duangjinda, 2010). However, the association with the same region of IGF1-SNP1 in two chicken strains of the Black Penedesenca breed, showed only the association with ADG at 107d within a single strain ([@b1-ajas-28-12-1686]). The results of this study indicate that the *IGF-I* gene had an effect on body weight and ADG in the early ages of all four hybrid crosses. However, the genotype effects were not clear. Therefore, this gene was regarded as still unsuitable for use as a marker for parental selection.

The SNP variation in terms of allele substation effect against total genetic effect of *cGH* and *IGF-I* gene on growth performance traits across all chicken populations also was calculated and showed in [Table 8](#t8-ajas-28-12-1686){ref-type="table"}. It was found allele A of *cGH* has negative effects for BW at most of ages from week 2 to 10. Chicken with AA had the lowest BW compared to other genotypes. The allele substitution effects are not clear for *IGF-I*.

Association of *cGH* and *IGF-I* gene polymorphisms with carcass traits
-----------------------------------------------------------------------

The probability values of the main effects of the *cGH* and *IGF-I* gene polymorphisms on chicken carcass traits are shown in [Table 9](#t9-ajas-28-12-1686){ref-type="table"}. There was only tentative association within the four Thai broilers between the *cGH* and dressing percentage. A previous study revealed that the AA homozygote significantly differed from the GG homozygote in varied carcass traits in a F2 reciprocal cross between the WRR and X Chinese chicken breeds ([@b18-ajas-28-12-1686]).

Similarly, in *IGF-I* gene polymorphism, there was no significant association with any carcass traits. Nevertheless, tentative associations with the breast and wing percentages were found (p\<0.15). Previous study of the same mutation of *IGF-I* in Thai synthetic chicken lines reported that a significant association of *IGF-I* was found in only dressing and pectoralis major weight percentages in a single line ([@b20-ajas-28-12-1686]). Otherwise, the same region of *IGF-I* within our study revealed that there were significant associations with all observed carcass traits, in F~2~ Leghorn and Fayoumi cross chickens; at eight weeks of age ([@b28-ajas-28-12-1686]). The opposite effect seen in our study may be the result of chicken samples having been selected at different ages and of different genetic backgrounds.

CONCLUSION
==========

This study found some significant effects of *cGH* and *IGF-I* SNP associated with chicken growth traits. However, the effects, though significant, could not generally be used across breeds. The selected *cGH* genotypes AG or GG, suggest breeding KM female with male PS chickens, in order to create the PS×KM hybrid, produces a better growth performance and has a greater potential to develop into Thai broilers. The IGF-I gene polymorphisms did not suggest a similar potential, as the genotype effects were unclear. In summary, the *cGH* gene polymorphisms may be used as genetic markers for improving growth traits in breeding programs for commercial hybrid chickens.
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###### 

Descriptive statistics of data used in gene association study in PS×KT and PS×KM populations

  Breed/trait     Male       Female                                               
  --------------- ---------- -------- ------- ------- ---------- -------- ------- -------
  PS×KT           n = 53     n = 48                                               
   BW^a^ (g)                                                                      
    0             36.02      4.17     25      45      36.19      4.35     28      46
    2             206.60     50.04    120     310     220.42     45.85    130     310
    4             721.51     105.75   460     950     683.54     97.90    420     870
    6             1,287.55   238.29   820     1670    1,185.00   152.59   820     1,460
    8             1,830.19   309.58   1,220   2,410   1,615.63   224.57   1,180   1,300
    10            2,488.20   356.26   1,820   3,270   2,078.72   260.27   1,300   2,560
   ADG^b^ (g/d)                                                                   
    0--2          12.18      3.61     5.64    19.64   13.16      3.32     6.86    19.57
    2--4          36.78      4.77     22.86   45.71   33.08      4.38     20.71   42.86
    4--6          40.43      12.13    12.14   58.57   35.82      6.77     12.14   51.43
    6--8          38.76      14.92    6.43    59.29   30.76      10.84    7.86    44.29
    8--10         46.46      11.41    15.00   65.00   33.18      7.95     8.57    48.57
    0--6          29.80      5.69     18.69   39.02   27.35      3.62     18.71   33.90
    0--8          32.04      5.52     21.16   42.41   28.20      4.00     20.38   35.13
    0--10         35.03      5.08     25.50   46.16   29.18      3.71     18.01   36.10
  PS×KM           n = 50     n = 54                                               
   BW (g)                                                                         
    0             36.68      2.93     29      43      37.02      3.85     30      46
    2             251.20     38.58    150     330     249.44     39.64    90      330
    4             799.00     93.62    490     960     718.52     78.61    320     890
    6             1,576.40   179.00   1,000   2,000   1,343.89   108.41   900     1,600
    8             2,147.60   260.76   1,310   2,660   1,778.52   146.22   1,450   2,040
    10            2,677.69   288.48   1,730   3,220   2,217.92   203.61   1,780   3,000
   ADG (g/d)                                                                      
    0--2          15.32      2.77     8.07    20.86   15.17      2.85     3.79    20.29
    2--4          39.13      5.43     13.57   47.86   33.51      3.50     16.43   40.00
    4--6          55.53      7.16     36.43   75.71   44.67      4.40     34.29   58.57
    6--8          40.80      11.99    5.00    63.57   31.04      9.02     2.14    46.43
    8--10         39.91      10.46    15.71   60.71   31.48      10.69    5.71    87.86
    0--6          36.66      4.27     22.88   46.81   31.12      2.58     20.55   37.00
    0--8          37.70      4.65     22.70   46.89   31.10      2.60     25.27   35.77
    0--10         37.73      4.11     24.16   45.51   31.16      2.90     24.86   42.37

PS, broiler breeder sire; KT, Kaen Thong; KM, Khai Mook Esarn dam line; SD, standard deviation; BW, body weight (at hatching, 2, 4, 6, 8, and 10 weeks of age); ADG, average daily gain (during 0 to 2, 2 to 4, 4 to 6, 6 to 8, 8 to 10, 0 to 6, 0 to 8, and 0 to 10 weeks of age).

###### 

Descriptive statistics of data used in gene association study in PS×SN and PS×SP populations

  Breed/trait     Male       Female                                               
  --------------- ---------- -------- ------- ------- ---------- -------- ------- -------
  PS×SN           n = 50     n = 54                                               
   BW^a^ (g)                                                                      
    0             33.90      2.87     27      40      34.15      3.39     27      41
    2             230.61     43.18    140     310     236.67     38.85    120     310
    4             721.40     79.02    540     870     673.15     64.16    530     780
    6             1,406.20   151.92   1,100   1,720   1,246.48   106.19   1,020   1,450
    8             2,024.60   190.08   1,510   2,410   1,748.52   159.02   1,400   2,110
    10            2,544.90   217.18   2,000   3,120   2,131.35   239.84   1,440   2,700
   ADG^b^ (g/d)                                                                   
    0--2          14.05      3.13     7.79    19.86   14.47      2.82     5.71    19.86
    2--4          35.23      3.09     27.14   42.14   31.18      2.77     25.71   36.43
    4--6          48.91      7.07     32.86   60.71   40.95      4.49     32.14   51.43
    6--8          44.17      7.57     25.00   56.43   35.86      5.91     22.14   49.29
    8--10         37.04      10.45    16.43   60.71   27.43      9.52     2.86    56.43
    0--6          32.67      3.62     25.38   40.14   28.87      2.53     23.40   33.76
    0--8          35.55      3.40     26.36   42.45   30.61      2.84     24.46   37.09
    0--10         35.87      3.11     28.10   44.10   29.96      3.42     20.14   38.01
  PS×SP           n = 41     n = 58                                               
   BW (g)                                                                         
    0             35.32      3.30     29      42      34.41      2.97     28      41
    2             221.71     41.35    150     310     218.62     38.95    150     310
    4             722.68     105.38   510     930     656.72     68.48    450     830
    6             1,375.85   213.18   750     1,730   1,187.59   129.09   840     1,480
    8             1,875.12   300.51   790     2,390   1,631.21   169.55   1,340   2,180
    10            2,491.84   314.71   1,500   3,050   2,076.43   199.33   1,800   2,690
   ADG (g/d)                                                                      
    0--2          13.31      3.00     8.07    19.64   13.16      2.84     7.93    19.50
    2--4          35.78      5.37     25.00   46.43   31.29      3.44     20.71   40.00
    4--6          46.66      10.90    17.14   64.29   37.92      7.05     15.00   50.00
    6--8          35.66      13.45    2.14    55.71   31.69      9.50     11.43   59.29
    8--10         41.69      13.65    2.14    65.00   31.85      7.05     14.29   50.00
    0--6          31.92      5.08     17.00   40.26   27.46      3.08     19.21   34.48
    0--8          32.85      5.38     13.46   42.14   28.51      3.03     23.27   38.36
    0--10         35.09      4.50     20.84   43.01   29.17      2.84     25.29   37.89

PS, broiler breeder sire; SN, Soi Nin; SP, Soi Pet dam line; SD, standard deviation; BW, body weight (at hatching, 2, 4, 6, 8, and 10 weeks of age); ADG, average daily gain (during 0 to 2, 2 to 4, 4 to 6, 6 to 8, 8 to 10, 0 to 6, 0 to 8, and 0 to 10 weeks of age).

###### 

Details of single nucleotide polymorphism markers and primers

  ----------------------------------------------------------------------------------------------------------
  Gene      Primer (forward/reverse)         AT (ºC)   SNPs/site                 PCRproduct (bp)   Enzyme
  --------- -------------------------------- --------- ------------------------- ----------------- ---------
  *cGH*     5′-TCCCAGGCTGCGTTTTGTTACTC-3′\   65        G\>A/1705 intron 3        429               *Eco*RV
            5′-ACGGGGGTGAGCCAGGACTG-3′                                                             

  *IGF-I*   5′-TCAAGAGAAGCCCTTCAAGC-3′\      60        A\>C/Promoter and 5′UTR   813               *Hinf*I
            5′-CATTGCGCAGGCTCTATCTG-3′                                                             
  ----------------------------------------------------------------------------------------------------------

AT, annealing temperature; SNP, single nucleotide polymorphism; PCR, polymerase chain reaction; *cGH*, chicken growth hormone gene; *IGF-I*, insulin-like growth factor-I gene.

###### 

Genotype and allele frequencies of *cGH* and *IGF-I* genes in Thai broilers

  Gene/breeds   No.   Genotype frequencies   Allele frequencies                 
  ------------- ----- ---------------------- -------------------- ------ ------ ------
  *cGH*               AA                     AG                   GG     A      G
   PS×KM        104   0.05                   0.30                 0.65   0.20   0.80
   PS×KT        101   0.16                   0.46                 0.39   0.30   0.61
   PS×SN        104   0.05                   0.48                 0.47   0.29   0.71
   PS×SP        99    0.01                   0.52                 0.47   0.27   0.73
  *IGF-I*             AA                     AC                   CC     A      C
   PS×KM        104   0.42                   0.44                 0.13   0.64   0.36
   PS×KT        101   0.31                   0.54                 0.15   0.58   0.42
   PS×SN        104   0.43                   0.42                 0.14   0.64   0.36
   PS×SP        99    0.15                   0.71                 0.14   0.51   0.49

*cGH*, chicken growth hormone gene; *IGF-I*, insulin-like growth factor-I gene; PS, broiler breeder sire; KM, KhaiMookEsarn; KT, Kaen Thong; SN, Soi Nin; SP, Soi Pet dam line.

###### 

Least square means of *cGH* and *IGF-I* genes on growth traits in Thai broilers across all chicken populations

  Growth traits   *cGH*                                                    *IGF-I*                                                                                                                                                                                                                                                                                       
  --------------- -------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- ------ ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------ ------
  BW (g)                                                                                                                                                                                                                                                                                                                                                                 
   0              37.1                                                     36.4                                                     35.8                                                     0.5    36.7                                                   36.0                                                   36.1                                                   0.3
   2              204.8                                                    213.2                                                    213.8                                                    5.4    219.8[a](#tfn7-ajas-28-12-1686){ref-type="table-fn"}   210.4[b](#tfn7-ajas-28-12-1686){ref-type="table-fn"}   208.6[b](#tfn7-ajas-28-12-1686){ref-type="table-fn"}   3.6
   4              639.3[b](#tfn7-ajas-28-12-1686){ref-type="table-fn"}     696.0[a](#tfn7-ajas-28-12-1686){ref-type="table-fn"}     700.1[a](#tfn7-ajas-28-12-1686){ref-type="table-fn"}     12.5   704.4                                                  691.0                                                  696.1                                                  8.5
   6              1,161.0[b](#tfn7-ajas-28-12-1686){ref-type="table-fn"}   1,268.3[a](#tfn7-ajas-28-12-1686){ref-type="table-fn"}   1,268.9[a](#tfn7-ajas-28-12-1686){ref-type="table-fn"}   23.2   1,276.2                                                1,265.3                                                1,239.6                                                15.8
   8              1,689.7                                                  1,782.2                                                  1,788.2                                                  35.0   1,794.7                                                1,782.5                                                1,785.5                                                23.8
   10             2,194.4                                                  2,296.4                                                  2,325.9                                                  42.4   2,298.4                                                2,304.6                                                2,303.0                                                29.4
  ADG (g/d)                                                                                                                                                                                                                                                                                                                                                              
   0--2           12.0                                                     12.6                                                     12.7                                                     0.4    13.1[a](#tfn7-ajas-28-12-1686){ref-type="table-fn"}    12.5[b](#tfn7-ajas-28-12-1686){ref-type="table-fn"}    12.3[b](#tfn7-ajas-28-12-1686){ref-type="table-fn"}    0.3
   2--4           31.1[B](#tfn6-ajas-28-12-1686){ref-type="table-fn"}      34.5[A](#tfn6-ajas-28-12-1686){ref-type="table-fn"}      34.7[A](#tfn6-ajas-28-12-1686){ref-type="table-fn"}      0.6    34.6                                                   34.4                                                   34.8                                                   0.4
   4--6           37.3                                                     40.9                                                     40.6                                                     1.1    40.8[ab](#tfn7-ajas-28-12-1686){ref-type="table-fn"}   41.0[a](#tfn7-ajas-28-12-1686){ref-type="table-fn"}    38.8[b](#tfn7-ajas-28-12-1686){ref-type="table-fn"}    0.7
   6--8           37.8                                                     36.7                                                     37.1                                                     1.7    37.0                                                   36.9                                                   39.0                                                   1.2
   8--10          35.5                                                     36.6                                                     37.7                                                     1.6    36.0                                                   36.7                                                   37.4                                                   1.1
   0--6           26.8[b](#tfn7-ajas-28-12-1686){ref-type="table-fn"}      29.3[a](#tfn7-ajas-28-12-1686){ref-type="table-fn"}      29.4[a](#tfn7-ajas-28-12-1686){ref-type="table-fn"}      0.5    29.5                                                   28.3                                                   28.7                                                   0.4
   0--8           29.5                                                     31.2                                                     31.3                                                     0.6    31.4                                                   31.2                                                   31.2                                                   0.4
   0--10          30.8                                                     32.3                                                     32.7                                                     0.6    32.3                                                   32.4                                                   32.4                                                   0.4

*cGH*, chicken growth hormone gene; *IGF-I*, insulin-like growth factor-I gene; SEM, standard error of the mean; BW, body weight (at hatching 2, 4, 6, 8, and 10 weeks of age); ADG, average daily gain (during 0 to 2, 2 to 4, 4 to 6, 6 to 8, 8 to 10, 0 to 6, 0 to 8, and 0 to 10 weeks of age).

Means within a row without common superscript capital letters differ significantly (p\<0.01).

Means within a row without common superscript lowercases differ significantly (p\<0.05).

###### 

Least square means of *cGH* gene on growth performance in Thai broiler populations

  Breed/genotype   Growth performance traits                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  ---------------- ------------------------------------------------------ ------- ------------------------------------------------------ -------------------------------------------------------- -------------------------------------------------------- --------------------------------------------------------- ------ ----------------------------------------------------- ----------------------------------------------------- ------ ------------------------------------------------------ ----------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------
  PS×KM                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
   AA (n = 5)      38.4                                                   228.0   626.8[B](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   1,228.9[B](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   1,689.8[B](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   2,162.0[b](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   13.5   28.5[B](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   43.0[B](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   32.9   32.7                                                   28.3[B](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   29.5[b](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   30.3[b](#tfn10-ajas-28-12-1686){ref-type="table-fn"}
   AG (n = 31)     37.9                                                   237.5   732.7[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   1,438.9[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   1,940.2[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   2,427.4[a](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   14.3   35.4[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   50.4[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   35.8   35.6                                                   33.4[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   34.0[a](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   34.1[a](#tfn10-ajas-28-12-1686){ref-type="table-fn"}
   GG (n = 68)     38.2                                                   237.6   752.2[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   1,453.1[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   1,987.3[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   2,472.8[a](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   14.2   36.8[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   50.1[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   38.2   35.7                                                   33.7[A](#tfn9-ajas-28-12-1686){ref-type="table-fn"}   34.8[a](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   34.8[a](#tfn10-ajas-28-12-1686){ref-type="table-fn"}
   SEM             0.8                                                    9.9     21.5                                                   36.8                                                     54.9                                                     71.0                                                      0.7    1.1                                                   1.5                                                   2.8    3.2                                                    0.9                                                   1.0                                                    1.0
  PS×KT                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
   AA (n = 16)     37.9[a](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   209.4   674.9                                                  1,170.0                                                  1,723.0                                                  2,258.4                                                   12.2   33.3                                                  35.4                                                  39.3   38.2[b](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   27.0                                                  30.1                                                   31.7
   AG (n = 46)     37.3[a](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   203.4   689.4                                                  1,182.5                                                  1,670.6                                                  2,201.8                                                   11.9   34.7                                                  35.2                                                  34.8   37.8[b](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   27.3                                                  29.2                                                   30.9
   GG (n = 39)     34.9[b](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   206.9   705.0                                                  1,202.8                                                  1,666.5                                                  2,295.3                                                   12.3   35.6                                                  35.6                                                  33.8   44.3[a](#tfn10-ajas-28-12-1686){ref-type="table-fn"}   27.8                                                  29.1                                                   32.3
   SEM             0.7                                                    7.8     18.4                                                   34.0                                                     52.9                                                     61.7                                                      0.5    0.9                                                   1.7                                                   2.5    2.0                                                    0.8                                                   0.9                                                    0.9
  PS×SN                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
   AA (n = 5)      35.0                                                   232.3   703.3                                                  1,311.4                                                  1,844.2                                                  2,337.5                                                   14.1   33.8                                                  43.4                                                  38.1   35.2                                                   30.4                                                  32.3                                                   32.9
   AG (n = 50)     33.7                                                   229.6   701.0                                                  1,320.5                                                  1,899.1                                                  2,366.5                                                   14.0   33.8                                                  44.3                                                  41.3   33.3                                                   30.6                                                  33.3                                                   33.3
   GG (n = 49)     34.1                                                   232.5   692.9                                                  1,314.7                                                  1,869.1                                                  2,326.5                                                   14.2   32.9                                                  44.4                                                  39.6   32.8                                                   30.5                                                  32.8                                                   32.8
   SEM             0.7                                                    7.3     15.5                                                   30.9                                                     43.2                                                     62.1                                                      0.5    0.7                                                   1.5                                                   1.8    2.5                                                    0.7                                                   0.8                                                    0.9
  PS×SP                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
   AG (n = 51)     35.0                                                   216.9   701.5                                                  1,264.2                                                  1,762.6                                                  2,287.9                                                   13.0   34.6                                                  40.2                                                  35.6   37.3                                                   29.3                                                  30.9                                                   32.2
   GG (n = 47)     34.6                                                   212.5   682.7                                                  1,229.5                                                  1,725.0                                                  2,270.0                                                   12.7   33.6                                                  39.1                                                  35.4   36.3                                                   28.4                                                  30.2                                                   31.9
   SEM             0.5                                                    4.9     13.6                                                   25.6                                                     39.5                                                     47.2                                                      0.3    0.7                                                   1.2                                                   1.9    1.8                                                    0.6                                                   0.7                                                    0.70

BW, body weight (at hatching 2, 4, 6, 8, and 10 weeks of age); ADG, average daily gain (during 0 to 2, 2 to 4, 4 to 6, 6 to 8, 8 to 10, 0 to 6, 0 to 8, and 0 to 10 weeks of age); PS, broiler breeder sire; KM, Khai Mook Esarn; SEM, standard error of the mean; KT, Kaen Thong; SN, Soi Nin; SP, Soi Pet dam line.

Means within a column without common superscript capital letters differ significantly (p\<0.01).

Means within a column without common superscript lowercases differ significantly (p\<0.05).

###### 

Least square means of *IGF-I* gene on growth performance in Thai broiler populations

  Breeds/genotype   Growth performance traits                                                                                                                                                                                                                                                                                                                                                                                                                                   
  ----------------- ------------------------------------------------------ -------------------------------------------------------- -------------------------------------------------------- ---------------------------------------------------------- --------- --------- ------------------------------------------------------- ------ ------------------------------------------------------- ------ ------ ------------------------------------------------------- ------ ------
  PS×KM                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
   AA (n = 44)      38.5                                                   247.2[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    711.6                                                    1,376.8                                                    1,870.2   2,383.3   14.9[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    33.2   47.5                                                    35.2   36.9   31.9                                                    32.7   33.5
   AC (n = 46)      37.6                                                   235.8[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   705.3                                                    1,362.2                                                    1,869.8   2,341.1   14.2[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   33.5   46.9                                                    36.3   33.8   31.5                                                    32.7   32.9
   CC (n = 14)      38.4                                                   220.1[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    694.8                                                    1,382.0                                                    1,877.2   2,337.7   13.0[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    33.9   49.1                                                    35.4   33.3   32.0                                                    32.8   32.8
   SEM              0.7                                                    8.9                                                      19.4                                                     33.3                                                       49.6      64.7      0.6                                                     1.0    1.4                                                     2.6    2.9    0.8                                                     0.9    0.9
  PS×KT                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
   AA (n = 31)      37.4                                                   210.4                                                    697.5                                                    1,207.9[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   1,673.2   2,230.8   12.4                                                    34.8   36.5[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   33.1   39.4   27.9[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   29.2   31.3
   AC (n = 55)      36.6                                                   206.2                                                    692.7                                                    1,227.5[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    1,729.5   2,290.7   12.1                                                    34.8   38.2[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    36.5   39.9   28.4[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    30.2   32.2
   CC (n = 15)      36.2                                                   203.0                                                    679.0                                                    1,120.0[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    1,657.4   2,234.0   11.9                                                    34.0   31.5[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    38.3   41.1   25.8[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    29.0   31.4
   SEM              0.7                                                    7.8                                                      18.6                                                     34.3                                                       53.4      62.2      0.5                                                     0.9    1.7                                                     2.6    2.0    0.8                                                     0.9    0.9
  PS×SN                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
   AA (n = 45)      35.5[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   229.0[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   692.7[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   1,320.0                                                    1,881.3   2,329.3   13.8[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   33.1   44.8                                                    40.1   32.2   30.6                                                    33.0   32.8
   AC (n = 44)      34.0[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   222.9[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    682.0[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    307.0                                                      1,839.8   2,322.9   13.5[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    33.0   44.6                                                    38.1   34.4   30.3                                                    32.2   32.7
   CC (n = 15)      33.4[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   242.6[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    722.5[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    1,319.5                                                    1,891.3   2,378.3   14.9[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    34.3   42.6                                                    40.8   34.7   30.6                                                    33.2   33.5
   SEM              0.7                                                    6.6                                                      14.0                                                     28.0                                                       39.0      56.5      0.5                                                     0.7    1.4                                                     1.6    2.3    0.7                                                     0.7    0.8
  PS×SP                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
   AA (n = 15)      34.5                                                   255.8[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    698.3                                                    1,253.9                                                    1,736.7   2,229.0   13.7[a](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    39.7   34.5                                                    33.7   33.4   29.0                                                    30.4   31.4
   AC (n = 70)      35.2                                                   213.6[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   683.5                                                    1,257.0                                                    1,733.2   2,279.2   12.7[ab](#tfn12-ajas-28-12-1686){ref-type="table-fn"}   41.0   34.0                                                    37.3   37.0   29.1                                                    30.3   32.1
   CC (n = 14)      34.7                                                   204.8[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    694.5                                                    1,229.6                                                    1,761.6   2,328.6   12.1[b](#tfn12-ajas-28-12-1686){ref-type="table-fn"}    38.2   38.0                                                    39.4   39.1   28.5                                                    30.8   32.8
   SEM              0.6                                                    6.2                                                      17.3                                                     32.5                                                       50.1      53.3      0.4                                                     1.6    2.5                                                     4.6    2.3    0.8                                                     0.9    0.8

BW, body weight (at hatching 2, 4, 6, 8, and 10 weeks of age); ADG, average daily gain (during 0 to 2, 2 to 4, 4 to 6, 6 to 8, 8 to 10, 0 to 6, 0 to 8, and 0 to 10 weeks of age); PS, broiler breeder sire; KM, Khai Mook Esarn; SEM, standard error of the mean; KT, Kaen Thong; SN, Soi Nin; SP, Soi Pet dam line.

Means within a column without common superscript lowercases differ significantly (p\<0.05).

###### 

The single nucleotide polymorphism variation in terms of allele substitution effect against total genetic effect of *cGH* and *IGF-I* genes on growth traits across all chicken populations

  Growth traits   *cGH*     *IGF-I*                             
  --------------- --------- --------- ------- -------- -------- --------
  BW (g)                                                        
   0              0.27      0.01      −0.28   −0.39    0.37     0.02
   2              −24.73    14.45     10.29   11.44    −1.37    −10.06
   4              −72.93    45.62     27.31   8.41     −10.25   1.83
   6              −124.51   81.15     43.37   8.31     7.11     −15.41
   8              −109.69   66.18     43.52   4.62     −21.48   16.86
   10             −117.46   62.17     55.30   −41.29   −4.22    45.52
  ADG (g/d)                                                     
   0--2           −1.79     1.03      0.75    0.85     −0.12    −0.72
   2--4           −3.42     2.21      1.21    −0.21    −0.64    0.85
   4--6           −3.68     2.54      1.15    −0.01    1.24     −1.23
   6--8           1.06      −1.07     0.01    −0.26    −2.04    2.31
   8--10          −0.36     0.67      −0.32   −3.03    0.49     2.54
   0--6           −2.97     1.93      1.04    0.20     0.16     −0.37
   0--8           −1.97     1.18      0.78    0.09     −0.39    0.30
   0--10          −1.68     0.89      0.79    −0.58    −0.06    0.65

*cGH*, chicken growth hormone gene; *IGF-I*, insulin-like growth factor-I gene.

BW, body weight (at hatching 2, 4, 6, 8, and 10 weeks of age); ADG, average daily gain (during 0 to 2, 2 to 4, 4 to 6, 6 to 8, 8 to 10, 0 to 6, 0 to 8, and 0 to10 weeks of age).

###### 

Least square means of *cGH* and *IGF-I* genes on carcass traits in Thai broilers

  Gene/genotype   Carcass traits (%)                        
  --------------- -------------------- ------ ------ ------ ------
  *cGH*                                                     
   AA (n = 2)     70.9                 30.0   12.8   16.1   16.5
   AG (n = 11)    69.3                 30.2   12.4   15.9   17.0
   GG (n = 19)    70.7                 31.1   12.1   15.4   16.8
   SEM            1.0                  0.8    0.4    0.5    0.6
  *IGF-I*                                                   
   AA (n = 8)     70.4                 31.4   12.2   15.5   16.7
   AC (n = 21)    70.6                 30.9   12.1   15.7   17.1
   CC (n = 3)     70.0                 29.1   13.1   16.2   16.4
   SEM            1.0                  0.8    0.4    0.5    0.6

Dressing percentage: the percentage of carcass weight without visceral organ, head, neck, and shanks, calculated on live weight. The percentage of breast muscle, wing, drumstick, and thigh calculated on carcass weight without visceral organs, head, neck, and shanks. *cGH*, chicken growth hormone gene; SEM, standard error of the mean; *IGF-I*, insulin-like growth factor-I gene.
